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Spermatogonial transplantationa b s t r a c t
In association with in vitro culture and transplantation, isolation of spermatogonial stem cells (SSCs) is an
excellent approach for investigating spermatogonial physiology in vertebrates. However, in ﬁsh, the lack
of SSC molecular markers represents a great limitation to identify/purify these cells, rendering it difﬁcult
to apply several valuable biotechnologies in ﬁsh-farming. Herein, we describe potential molecular mark-
ers, which served to phenotypically characterize, cultivate and transplant Nile tilapia SSCs. Immunolocal-
ization revealed that Gfra1 is expressed exclusively in single type A undifferentiated spermatogonia
(Aund, presumptive SSCs). Likewise, the expression of Nanos2 protein was observed in Aund cells. How-
ever, Nanos2-positive spermatogonia have also been identiﬁed in cysts with two to eight germ cells that
encompass type A differentiated spermatogonia (Adiff). Moreover, we also established effective primary
culture conditions that allowed the Nile tilapia spermatogonia to expand their population for at least
one month while conserving their original undifferentiated (stemness) characteristics. The maintenance
of Aund spermatogonial phenotype was demonstrated by the expression of early germ cell speciﬁc mark-
ers and, more convincingly, by their ability to colonize and develop in the busulfan-treated adult Nile tila-
pia recipient testes after germ cell transplantation. In addition to advancing our knowledge on the
identity and physiology of ﬁsh SSCs, these ﬁndings provide the ﬁrst step in establishing a system that will
allow ﬁsh SSCs expansion in vitro, representing an important progress towards the development of new
biotechnologies in aquaculture, including the possibility of producing transgenic ﬁsh.
 2013 Elsevier Inc. All rights reserved.1. Introduction
Spermatogonial stem cells (SSCs) are the foundation of sper-
matogenesis and crucial for transmitting the genetic information
to the next generation. In addition, SSCs are unique stem cells that
can also be reprogrammed into pluripotent cells with the ability to
differentiate into somatic tissues (Conrad et al., 2008; Oatley and
Brinster, 2012; Thoma et al., 2011), rendering SSCs into a potential
substitute for embryonic stem cells (ES). Moreover, in combination
with transplantation techniques, SSCs could be powerful vectors
for modiﬁed genes (Honaramooz and Yang, 2010).
In mammals, several molecular markers (cell surface markers,
RNA-binding proteins, zinc ﬁnger proteins, cytokines, cell cycleproteins and others) have been described in order to identify SSCs
and their early progeny (Reviewed by Kolasa et al., 2012 and Phil-
lips et al., 2010). Although most molecular mechanisms controlling
the onset of spermatogenesis have remained elusive, the roles of
some components of these pathways are now being elucidated.
For instance, in mice the growth factor GDNF (glial cell-line derived
neurotrophic factor) signal emanated from Sertoli cells and the
germ cell-intrinsic factor Nanos2 represent key regulators for the
maintenance and modulation of SSCs self-renewal (Hofmann
2008; Sada et al., 2009; Suzuki et al., 2009). GDNF acts in the testis
through a membrane receptor complex formed by the GDNF family
receptor alpha 1 (GFRA1) and the receptor tyrosine kinase RET,
both expressed in SSCs of different mammalian species (Gassei
et al., 2009, 2010; He et al., 2010; Hofmann et al., 2005), including
peccaries (Campos-Junior et al., 2012) and equids (Costa et al.,
2012) in studies developed in our laboratory. GFRA1 and RET mu-
tant mice have shown a similar spermatogenic phenotype to that
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entiated state that results in germ cell depletion (Buageaw et al.,
2005; Jijiwa et al., 2008; Naughton et al., 2006; Tokuda et al.,
2007). Nanos genes encode evolutionarily conserved zinc-ﬁnger
RNA-binding proteins that play important roles for germline stem
cell function (Draper et al., 2007; Jaruzelska et al., 2003; Mochizuki
et al., 2000; Wang and Lin 2004). In adult mouse testes, a hetero-
geneity is clearly observed in the undifferentiated spermatogonia
population and it has been proposed that GFRA1+Nanos2+ sperma-
togonia represents the stem cell population (Sada et al., 2012; Su-
zuki et al., 2009). Recently, it was demonstrated that GDNF
signaling is essential to maintain Nanos2 expression in murine
undifferentiated spermatogonia and that overexpression of Nanos2
can alleviate the stem cell loss phenotype caused by the depletion
of the Gfra1 gene. Therefore, Nanos2 is a possible target of GDNF
signaling to suppress differentiation of mice SSCs (Sada et al.,
2012).
Except for some investigations in which early spermatogonial
cells have been more accurately characterized by morphological
criteria (Lacerda et al., 2013; Nóbrega et al., 2010; Schulz et al.,
2010), in teleosts few studies have addressed a more comprehen-
sive phenotypic characterization of undifferentiated spermatogo-
nia. More speciﬁcally, microarray analysis of enriched rainbow
trout (Oncorhynchus mykiss) type A spermatogonia showed that
the receptor notch1 would be a useful molecular marker for this
cells (Yano et al., 2009). Also, the lymphocyte antigen 75 (Ly75/
CD205) was identiﬁed as a potential cell surface marker on sper-
matogonia in the Paciﬁc blueﬁn tuna (Thunnus orientalis) and rain-
bow trout (Nagasawa et al., 2010, 2012). Within this context,
recently, the transcripts showing preferential expression in rain-
bow trout type A spermatogonia were isolated by microarray anal-
ysis (Hayashi et al., 2012).
As in mammals, to date germ cell transplantation represents the
only functional bioassay to retrospectively test the stemness of
putative SSCs in ﬁsh (Lacerda et al., 2012, 2013; Okutsu et al.,
2006; Takeuchi et al., 2004; Yoshizaki et al., 2012). Therefore, the
appropriate identiﬁcation and isolation of ﬁsh SSCs is essential
not only for a high efﬁciency of spermatogonial transplantation
techniques, but also for the establishment of effective SSC culture
systems that would offer a better understanding of the prolifera-
tion, self-renewal and differentiation behavior of these very
important cells, as well as to develop valuable reproductive bio-
technologies in aquaculture. In this regard, aiming to develop
long-term culture conditions for propagating SSCs in vitro, as well
as to test their stemness using germ cell transplantation as a func-
tional approach, we investigated in the present study the expres-
sion of Gfra1 and Nanos2 in the testis of adult Nile tilapia.2. Material and methods
2.1. Animals
Twenty-ﬁve sexually mature male Nile tilapia (Oreochromis nil-
oticus) were used in this study. The ﬁsh were obtained from the
commercial aquaculture station 3D Aqua Ltda (Morada Nova de
Minas, MG) located in the Southeast region of Brazil. All experi-
mental procedures used were conducted in accordance with the
guidelines approved by the local ethics committee on animal
experimentation – CETEA, UFMG (protocol # 89/2012).2.2. SDS–PAGE and Western blotting
To qualitatively evaluate the presence of speciﬁc markers for
SSCs (Gfra1 and Nanos2) immunoblots were performed using total
protein lysates from Nile tilapia testes (n = 4). For this evaluation,300 mg of testis parenchyma were immersed in PBS containing
protease inhibitors (SIGMAFAST™ Protease Inhibitor Tablets; Sig-
ma Aldrich’s Corp., St. Louis, MO, USA), and the tissues were sub-
mitted to ultrasonic homogenization. After sonication, the lysates
were centrifuged at 14,000g for 30 min. Supernatants were col-
lected, and then frozen at 80 C. Protein samples were diluted
to 1:2 in a solution of 10% sodium dodecyl sulfate (SDS, Sigma Al-
drich), glycerol, 10% bromophenol blue in 0.5 M Tris buffer, pH 6.8,
and the samples were boiled for 5 min.
Denatured 12% SDS polyacrylamide mini-gels were prepared
and 20 lL samples were loaded into the wells. Protein molecular
weight markers (Thermo Fisher Scientiﬁc Inc.) were run parallel
to the samples. Electrophoresis was carried out at 100 Volts con-
stant voltage and separated proteins were then transferred onto
a 0.45 lm PVDF membrane for 60 min. The membranes were
blocked with 1% bovine serum albumin (BSA, Sigma Aldrich) in
PBS for 1 h at room temperature and then blotted with anti-GDNF
receptor alpha 1 antibody (Abcam, ab84106, 1:500), anti-Nanos2
antibody (Abcam, ab76568, 1:200) overnight at 4 C. After incuba-
tion, the membranes were washed three times with PBS 0.05%
Tween-20 (PBS-T) solution and then incubated in biotinylated goat
anti-rabbit IgG antibody (Abcam, ab97049, 1:500) for 60 min. The
membranes were washed three times in PBS-T and incubated in
streptavidin-peroxidase solution (Thermo Scientiﬁc, TS-125-HR)
for 15 min. After washing, proteins were revealed with peroxidase
substrate 3, 30-diaminobenzidine (DAB, Sigma Aldrich), 4-cloro-
napthol and hydrogen peroxide (Sigma Aldrich) for 5 min and
washed in water. Finally, the membranes were scanned in
Epson Perfection 4990 photo scanner. Molecular weights of Nile
tilapia proteins were determined using SignalP 4.1 Server
(www.cbs.dtu.dk/services/SignalP) and ExPASy/ProtParam tool
(www.expasy.org/tools/protparam.html).
2.3. Immunostaining analyses
In order to evaluate the in situ expression of proteins analyzed
by Western blotting, we performed immunostaining using the
immunoperoxidase and immunoﬂuorescence methods. Slides
were analyzed by light (BX-60 Olympus) and confocal (510 META
Laser Scanning Confocal, Zeiss) microscopy. The testicular samples
(n = 6) were ﬁxed in 4% paraformaldehyde in PBS and embedded in
paraplast (Sigma Aldrich). Five micrometer thick serial sections
were obtained and used for the immunoperoxidase and immuno-
ﬂuorescence reactions.
Tissue sections were immunostained using protocols speciﬁ-
cally developed for each antigen and antibody dilutions previously
tested. After dewaxing and rehydration, antigen retrieval was per-
formed in 500 ml of citrate buffer (pH 6.0) for 5 min after boiling in
a microwave oven on high power (1000 watts). Endogenous per-
oxidase was quenched for 30 min with 3% H2O2 (Vetec) in TBS.
Non-speciﬁc binding was blocked with 10% normal goat serum
(Sigma Aldrich) in TBS 1% BSA. The primary antibodies anti-GDNF
receptor alpha 1 (Abcam, ab84106, 1:200) and anti-Nanos2 (Ab-
cam, ab76568, 1:40) were applied to slides and incubated at 4 C
overnight. Biotinylated anti-rabbit IgG antibody (Abcam,
ab97049, 1:200) was applied and incubated for 60 min. Detection
of the signal was performed by incubating the section in streptavi-
din-HRP for 15 min, followed by the reaction with DAB and count-
erstaining with hematoxylin (Merck). After dehydration, sections
were mounted and analyzed. For immunoﬂuorescence, antigens
were detected by incubation with Alexa Fluor 488 Donkey Anti-
Rabbit IgG (Invitrogen, 1:500) for 1 h at room temperature. After
nuclear counterstaining using propidium iodide (Sigma Aldrich),
sections were mounted with Mowiol 4–88 solution (Merck).
In order to quantify the percentage of Aund spermatogonia that
expressed Gfra1 receptor and Nanos2, 100 Aund cells were counted
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identiﬁed according to the criteria proposed by Schulz et al.,
(2010). The two-parameter analysis was tested for student’s T test.
The analyzes were performed using the GraphPad Prism (version 5)
software. All data were expressed as mean ± SD and the signiﬁ-
cance level considered was p < 0.05.
2.4. Spermatogonia culture
Testes were removed from adult Nile tilapia (n = 5) and dissoci-
ated with collagenase, hyaluronidase and DNAse (Sigma Aldrich) in
Dulbecco Modiﬁed Eagle medium/Ham F-12 medium (DMEM/F12
medium; Gibco, Grand Island, NY, USA), and an enriched type A
spermatogonia cell suspension was obtained by percoll gradient
centrifugation and differential plating (2  106 cells/testis)
according to methods previously established for this species (Lac-
erda et al., 2006, 2010). The cells were then plated on 1% gelatin-
coated dishes (Sigma Aldrich) and incubated at 28 C in an atmo-
sphere of 5% CO2. For evaluation of the characteristics of testis cells
in culture, multi-well tissue culture plates were employed in order
to provide multiple samples of the same preparation for examina-
tion at several times after initiation of culture. Culture cells were
analyzed and documented in phase contrast and differential inter-
ference contrast (DIC) microscopy. The culture medium was
DMEM/F12 containing 4.5 g/L glucose buffered with 10 mM Na2-
HCO3 (pH 7.3) supplemented with 10,000 U/L penicillin, 10 mg/L
streptomycin, glutamine (2 mM), Na-pyruvate (1 mM), Na-selenite
(2 nM), nonessential amino acids solution (1%), 2-mercaptoethanol
(100 mM), insulin (25 lg/ml), apo-Transferrin bovine (100 lg/ml),
human recombinant basic ﬁbroblast growth factor (10 ng/ml), hu-
man recombinant epidermal growth factor (100 ng/ml), fetal bo-
vine serum (10%, Gibco), KnockOut Serum Replacement (1%, Life
Technologies, Invitrogen), ﬁsh serum (1%) from adult Nile tilapia
(Hong and Schartl,1996), and tilapia embryo extract (extract from
one embryo/ml; Hong and Schartl,1996; Westerﬁeld, 1995). Sup-
plements were purchased from Sigma Aldrich unless otherwise
indicated. The cells were replated using StemPro Accutase (Life
Technologies, Invitrogen).
For immunocytochemistry, cells were directly ﬁxed with 4%
paraformaldehyde in culture dishes for 20 min. Subsequently, they
were incubated for 1 h in a blocking solution containing PBS, 5%
BSA, and 0.05% Triton-X-100 and then incubated overnight at
4 C with primary antibodies: anti-DDX4/Vasa (Abcam, ab13840,
1:400) and anti-Oct4 (Abcam, ab18976, 1:100). Secondary Alexa
Fluor488 donkey anti-Rabbit IgG (Invitrogen, 1:500 was used for
ﬂuorescent detection. Cell nuclei were counterstained with propi-
dium iodide.
In order to observe spermatogonia proliferation in vitro, after
10 days in culture, the cells were incubated for 30 h with 100 nM
of 5-bromo-20-deoxyuridine (BrdU, Sigma Aldrich) in culture med-
ium. Cells were detached, ﬁxed by 70% methanol, and the pellets
obtained were embedded in plastic glycol methacrilate (Leica His-
toresin, Heidelberg, Germany). Immunocytochemical detection of
BrdU was performed with an anti-BrdU monoclonal antibody
(1:200, BD Biosciences, San Jose, CA), biotinylated anti-mouse IgG
secondary antibody and ABC Elite kit (1:200, Vector Laboratories,
Foster City, CA). Labeled spermatogonia were observed under a
light microscope.
For DNA ploidy analysis cells were collected after 30 days in
culture. Attached cells were harvested by trypsinization, and tes-
ticular cells dissociated from mature testes were used as reference.
Cells were ﬁxed in cold 100% ethanol, incubated at 37 C for 30 min
in PBS containing RNase A (100 lg/ml), sodium citrate (0,1%), Tri-
ton-X (0,05%) and propidium iodide (50 lg/ml) for DNA staining.
Data were acquired on ﬂow cytometer FACScan (BD Biosciences)
and analyzed with the FlowJo software (Treestar).2.5. Rt-pcr
Total RNA was isolated from 26 days-cultured cells using Trizol
Reagent according to the manufacturer’s protocol (Invitrogen Cor-
poration, Carlsbad, CA, USA). Following chloroform extraction, total
RNA was precipitated in 2-propanol, washed with 70% ethanol,
resuspended in nuclease-free water and used for cDNA synthesis.
RNA concentrations and purity were measured by spectrophotom-
etry (Nanodrop 1000, Peqlab). Total RNA isolated from mature Nile
tilapia testes (n = 2) were used as reference for the gene expression
pattern. cDNA was synthesized with oligo (dT) primer from total
RNA by using M-MuLV Reverse Transcriptase (Thermo Scientiﬁc).
Polymerase chain reaction ampliﬁcation was performed with
the primers under the following conditions: 94 C for 1 min,
annealing temperature for 1 min, and 72 C for 1 min completing
a total of 30 cycles. The amount of cDNA per PCR reaction corre-
sponded to 100 ng of total RNA. Constitutively expressed 18SrRNA
was used as positive control. For negative control, reactions con-
tained PCR components and speciﬁc primers but lacked the cDNA
template. Oligonucleotide primers that have been used are listed
in Table 1.2.6. Spermatogonial transplantation
The cultured spermatogonia were maintained for different peri-
ods of time and after 30 days in culture were transplanted to the
busulfan-treated Nile tilapia recipient testes (n = 4) (Lacerda
et al., 2006, 2010). Before transplantation into the testes of sexually
mature tilapia, spermatogonia cultivated for 30 days were isolated
using StemPro Accutase and then incubated with the ﬂuorescent
membrane dye PKH26-GL (Sigma, St. Louis, MO), which served to
identify transplanted cells in the recipient testes. Thus, three
weeks after the ﬁrst busulfan injection, recipient tilapias received
the cultivated donor spermatogonia through the common sper-
matic duct according to techniques previously established (Lacerda
et al., 2006, 2010). Following the germ cell transplantation, the re-
cipient tilapia was maintained for 3–4 weeks, and their testes were
then analyzed by confocal microscopy. Confocal images were ob-
tained using a 20x objective and 488 nm Argon laser. The ImageJ
(National Institutes of Health, http://rsb.info.nih.gov/ij/) software
was used for the image analysis. Laser power and acquisition set-
tings were adjusted to produce submaximal pixel values in the tes-
tis tissue. Background subtraction and contrast/brightness
enhancement (up to 20% enhancement using the maximum slider
in Image J) were identically performed for all the images in the
same experiment.3. Results
3.1. Expression of Gfra1 in the adult Nile tilapia testis
To study Gfra1 expression we used a commercial antibody
developed against human GFRA1 peptide sequence that shows
similarities with predicted Nile tilapia Gdnf receptor alpha 1 pro-
tein (GenBank: XP_003438304.1). The human and Nile tilapia
Gfra1 amino acids sequence alignment is presented in Supplemen-
tary Fig. 1. In all ﬁsh investigated here, immunoreactivity of
anti-GFRA1, evaluated in histological serial sections, was found
exclusively in type Aund spermatogonia, which are large single cells
showing a large nucleus and a prominent nucleolus (Fig. 1A–I). As
it can be also evidenced in Fig. 1, early cysts of 2 to 8 spermatogo-
nial cells, comprising type A differentiated spermatogonia (Adiff),
did not show any evident labeling for Gfra1 (Fig. 1G–I‘). More ad-
vanced germ cells such as type B spermatogonia, spermatocytes,
spermatids and spermatozoa, as well as testicular somatic cells
Table 1
Sequences of primers pairs (50-30) used for RT-PCR analysis.
Gene Database Forward primer Reverse primer Amplicon
vasa AB032467 CGATGAGATCTTGGTGGATGa CATGAGATCCCTGCCAGCAGAa 175 pb
sox2 EF431920 TCCTACTCCCAGCAAACCACb GCACGGTGCTCTGGTAGTGb 247 pb
gfra1 XM_003438256 AGGTTCCTCCCAAGCACAGTc CAAATTGCCTTGCCAGGAGAGc 800 pb
dmc1 AB182646 GAAGATGACTCTAGTTTCCAGGATGATGa GCAGAGATGGCAAACGTAGCCa 974 pb
18SrRNA AF497908 TGAAATTCTTGGACCGGCGCa CCAGACAAATCGCTCCACCAACa 407 pb
a Pfennig et al. (2012).
b Cnaani et al. (2007).
c Present work.
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reactivity. Immunoﬂuorescent analysis of dissociated testicular
cells clearly demonstrated the expected membrane-associated
labeling of Gfra1 in the Nile tilapia Aund spermatogonia (Fig. 1J–
L), whereas other smaller testicular cells showed no staining
(Fig. 1J‘ and K‘). The speciﬁcity of the GFRA1 antibody to recognize
Nile tilapia Gfra1 protein was demonstrated by Western blot anal-
ysis using total lysates from adult testes. Therefore, the samples
containing testicular protein showed a predominant band at the
expected molecular weight (50 kDa) of predicted tilapia Gfra1
protein (SignalP 4.1 Server and ExPASy/ProtParam) (Fig. 1M and
Supplementary Fig. 2). Quantitative analysis using morphological
criteria and Gfra1 immunolabeling showed that 96 ± 1.6 %
(p < 0.05) of Aund spermatogonia in the adult Nile tilapia testis were
Gfra1-positive (Fig. 1N).
Analysis of transverse sections from the Nile tilapia testis sub-
mitted to immunoﬂuorescence and immunoperoxidase reactions
allowed us to observe that a high density of Gfra1-positive sper-
matogonial cells were present at the distal regions of the seminif-
erous tubules, near to the tunica albuginea (Fig. 1O–P). Although at
lower magniﬁcation these spermatogonial cells appeared as a
group of cells, in fact they were single cells individually enveloped
by Sertoli cells (Fig. 1O‘–P‘). Serial section images of distal regions
of seminiferous tubules showing detailed single Aund spermatogo-
nia enveloped by Sertoli cells are presented in Supplementary
Fig. 3.3.2. Expression of Nanos2 in the adult Nile tilapia testis
To evaluate the Nanos2 protein distribution in the adult tilapia
testes we performed immunoﬂuorescence and immunoperoxidase
analysis using a commercial antibody developed against an immu-
nogen sequence of human Nanos homolog 2 protein. Sequence
alignment of human and predicted Nile tilapia Nanos2 protein
(GenBank: XP_003439364.1) is shown in Supplementary Fig. 4. In
all ﬁsh investigated, using histological serial sections, immunore-
activity for anti-Nanos2 was frequently observed in clusters of sin-
gle type Aund spermatogonia located at the distal regions of the
seminiferous tubules, near to the tunica albuginea (Fig. 2A–C). Na-
nos2 expression was also found in single Aund cells situated along
the seminiferous tubules, set aside a certain distance from the tu-
nica albuginea (Fig. 2D–E). Besides that, we could also observe Na-
nos2 positive spermatogonia along the tubules in cysts with germ
cell clones of two (Fig. 2F), four (Fig. 2G) and eight spermatogonial
cells (Fig. 2H), but not in larger cysts. As it can be also observed in
Fig. 2 no evident labeling was found in more advanced germ cells
such as type B spermatogonia, spermatocytes, spermatids and
spermatozoa, or in somatic cells such as Sertoli and Leydig cells.
Using the Nanos2 antibody, Western blot analysis of Nile tilapia
testes lysates showed a predominant band of approximately
18 kDa, which corresponds to the expected size of this protein pre-
viously determined (SignalP 4.1,ProtParam) (Fig. 2J and Supple-
mentary Fig. 2). Quantitative analysis using morphologicalcriteria and Nanos2 immunolabeling indicated that 94.5 ± 1.5 %
(p < 0.05) of single Aund spermatogonia in the adult tilapia testis
were positive for Nanos2 (Fig. 2K).3.3. Nile tilapia spermatogonia culture
Cells were harvested from adult tilapia testes and spermatogo-
nia were enriched from dissociated testicular cells suspension
using percoll gradient and differential plating (Lacerda et al.,
2010). After 12 h in culture, the non-adherent cells, which usually
form clumps (Fig. 3A), were seeded in gelatin-coated tissue culture
plates in the speciﬁc culture medium. Until 2 days in culture, these
cells were found to only barely attach to the gelatin-coated dish.
However, increased cell attachment was observed at day 3
(Fig. 3B), and most of the attached cells displayed strong staining
for DDX4/Vasa (Fig. 3C), a RNA helicase speciﬁcally expressed in
the germ cells lineage of large number of animal taxa (Supplemen-
tary Fig. 7) (Gustafson and Wessel, 2010; Fujimura et al., 2011).
DDX4/Vasa corresponding sequence alignment is presented in
Supplementary Fig. 5. Besides that, these cultured cells also ex-
pressed the transcription factor Pou5f1/Oct4 (Fig. 3D), a speciﬁc
pluripotency gene present in ES, ES-derived germ cells and primor-
dial germ cells (PGC) of mammals and ﬁsh (Hong et al., 2004; Sán-
chez-Sánchez et al., 2010; Wang et al., 2011; Onichtchouk 2012;
Takehashi et al., 2012, Froschauer et al., 2013) (Supplementary
Figs. 6 and 7). The remaining negative cells were heterogeneous
in morphology showing epithelioid and ﬁbroblast-like appearance
(Fig. 3C and D). Validation of DDX4/Vasa and Oct4 antibodies is
shown in Supplementary Fig. 2. After 7 days (Fig. 3E), spermatogo-
nial cells actively proliferate as demonstrated by BrdU incorpora-
tion (Fig. 3F). The nuclear BrdU labeling revealed the perinuclear
chromatin distribution and a large nucleolus that is a typical char-
acteristic of ﬁsh early spermatogonial cells (Nóbrega et al., 2010;
Schulz et al., 2010). At ten days, tilapia spermatogonia continued
to propagate in vitro (Fig. 3G) and the immunostaining showed that
these cells retained the expression of the Gfra1 receptor (Fig. 3H),
as well as Nanos2 protein (Fig. 3I), which are potential good mark-
ers of Aund spermatogonial cells.
Because ﬁsh ES cells and spermatogonia are able to differentiate
in vitro by enhanced cell–cell interactions (Hong et al., 1996, 2004),
we kept the cells at high conﬂuence, without subculture, in order
to investigate the tilapia spermatogonia behavior in our cultivation
system. Therefore, at 26 days of culture in high conﬂuence, tilapia
spermatogonia generated large colonies as shown in Fig. 4A and C.
To further analyze the identity of the colony-forming cells we
investigated the presence of the vasa, sox2, gfra1 and dmc1 gene
transcripts in these groups of cells. Similar to vasa, the gene sox2
is expressed in tilapia germ cells from spermatogonia to spermat-
ocytes (Kobayashi et al., 2002; Pfennig et al., 2012), whereas dmc1
is exclusively expressed in meiotic cells (Kajiura-Kobayashi et al.,
2005). RT-PCR analysis conﬁrmed that cultivated cells transcribed
the germ line-speciﬁc genes vasa, sox2 and the gfra1 gene, but not
the meiotic marker dmc1 (Fig. 4B). Similar expression patterns of
Fig. 1. Immunohistochemical localization of Gfra1 protein-positive spermatogonial cells in the adult Nile tilapia testis. (A–I) Gfra1 protein is detected in single type Aund
spermatogonial cells that are morphologically characterized as larger cells showing a large nucleus and a prominent nucleolus (black arrowhead). In contrast, Gfra1
immunoreactivity was not detected in cysts of type A differentiated spermatogonia (Adiff; red arrowhead in G–I). Figure I0 shows at higher magniﬁcation a Gfra1-negative Adiff
cyst containing 2-cells. Similar to Adiff, type B spermatogonia (SpgB), spermatocytes (Spc), spermatids (Spt) and spermatozoa (Sptz), as well as somatic cells such as Sertoli (Sc)
and Leydig cells (Lc), did not show any evident labeling. Gfra1-negative Aund spermatogonia are rarely observed and a negative control is shown in F‘ (arrowhead). J–L and J‘–L‘
represent respectively bright ﬁeld and ﬂuorescent microscopy images. In these ﬁgures, immunoﬂuorescence staining of isolated testicular cell evidencing the membrane-
associated labeling of Gfra1 receptor in the Nile tilapia Aund spermatogonia is observed (large white arrowhead), whereas other smaller testicular cells show no staining (small
arrowhead). (M) The suitability of GFRA1 antidody to recognize the Nile tilapia relative protein (molecular weight: 50 kDa) in the adult testes evaluated was validated
through immunoblotting analyses. (N) Quantitative analysis demonstrated that over 95% of Aund spermatogonia are Gfra1-positive cells in the Nile tilapia testis (⁄p < 0.05).
(O–P) Transversal (dorsoventral) sections of the Nile tilapia testis show that a high density of individual Gfra1-positive spermatogonial cells (arrowhead and white circle in P´)
is found at the distal region of the seminiferous tubules, near to the tunica albuginea (TA). The insert at higher magniﬁcation in O‘ shows that each individual Gfra1-positive
cell (arrowhead) is enveloped by Sertoli cells (Sc). Green labeling indicates the Gfra1/Alexa Fluor488, whereas red denotes the propidium iodite. Bar:10 lm in A–L‘ and O‘–P‘;
and 50 lm in O–P.
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Fig. 2. Immunohistochemical localization of Nanos2 protein-positive spermatogonial cells in the adult Nile tilapia testis. (A and B) Immunoreactivity of anti-Nanos2 is
frequently found in clusters of single type Aund spermatogonia (arrowheads) located near to the tunica albuginea (TA) either through immunoperoxidase (A) or
immunoﬂuorescence (B) reactions. Figure C is a representation at higher magniﬁcation of Figure A showing that each individual Nanos2-positive cell is enveloped by Sertoli
cells (Sc). (D-I) Nanos2-positive spermatogonia (arrowheads) can also be observed along the seminiferous tubules as single cells (Aund; D and E), as well as in cysts of 2 (Adiff;
F), 4 (Adiff; G) and 8-cells (Adiff; H-I). The insert in G0 illustrates at higher magniﬁcation a cyst of Adiff spermatogonia that did not express Nanos2 protein. All type B
spermatogonia (SpgB; H and I), spermatocytes (Spc; D-F), spermatids (Spt; D and H), spermatozoa (Sptz; G), Sertoli cells (SC; D, E and H) and Leydig cells (LC; F) did not show
any evident labeling. A negative control is shown in I0 . (J) The speciﬁc expression of the Nanos2 protein (18 kDa) in the testis of two adult Nile tilapia was conﬁrmed by
immunoblotting. (K) Quantitative analysis demonstrated that almost 95% of Aund spermatogonia in the Nile tilapia testis are Nanos2-positive cells (⁄p < 0.05). Bar: 50 lm in A;
and 10 lm in B-I‘.
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nial population was able to expand in vitro while conserving their
original characteristics. Using immunoﬂuorescence labeling we
could observe in situ that at 30 days of culture the cells present
in the colony also expressed Gfra1 protein (Fig. 4D). Thus, we could
assume that the colony-forming cells contained tilapia Aund sper-
matogonial cells.
In order to exclude eventual chromosomal changes, which are
indicative of cell transformation, we further evaluated herein the
DNA content of 30 days-cultivated cells, which also allow us to ob-
serve the germ cells progression through spermatogenesis. As a
control, fresh dissociated adult testicular cells were used and theﬂow cytometry histogram displayed three peaks corresponding
to haploid (c), diploid (2c) and tetraploid (4c) DNA content
(Fig. 4E). In comparison to fresh dissociated cells, we found that
the DNA content pattern of cultivated spermatogonia remained
relatively unchanged once both histograms showed similar values
of mean ﬂuorescence intensity (x-axis; Fig. 4F). In addition, as ex-
pected for diploid cells in active proliferation, 30 days-cultivated
cells exhibited prominent peaks of diploid (2c) and S-phase frac-
tion (S), besides a modest tetraploid (4c) DNA content (Fig. 4F).
Thus, we conclude that tilapia Aund cells remained euploid for at
least 30 days under culture conditions and did not differentiate
or formed haploid cells.
Fig. 3. Evaluation of cultured Nile tilapia spermatogonial cells. (A) After differential plating within 12 h in pre-culture to deplete testicular somatic cells, that ﬁrmly attach to
the culture dishes (white arrowhead), germ cells remain in suspension and tend to form clumps (black arrowhead). (B) Germ cells attachment to the dish initiated within
3 days. Most of the attached cells are Vasa-positive (C; in green) and also express Pou5f1 (D; in pink). The remaining negative cells exhibit epithelioid and ﬁbroblast-like
appearance (C, D; white arrowhead). (E) At 7 days of culture, spermatogonial cells actively proliferate, as evidenced by cells conﬂuence and BrdU incorporation (F;
arrowhead). The insert in F shows the pattern of the nuclear BrdU-labeled chromatin distribution in two proliferating spermatogonia. (G) After 10 days of culture, attaching
spermatogonia retain the expression of Gfra1 (H; in green) and Nanos2 (I; in green) proteins as demonstrated by ﬂuorescent and brightﬁeld DIC merged images (Figure H and
I). The cell nuclei are stained with propidium iodite (PI; in red). Inserts in H and I show phase contrast images of 10 days-cultured cells evidencing the morphological details of
Gfra1 and Nanos2-positive spermatogonia, which are not clearly observed in DIC images. Bar: 100 lm in A; and 20 lm in B–I.
Fig. 4. Maintenance and propagation of the Nile tilapia spermatogonia in vitro. (A) At 26 days of culture, under high conﬂuence, tilapia spermatogonia form large colonies
(arrowhead). (B) Gene expression pattern evaluated by RT-PCR in the adult Nile tilapia testis and in colony-forming cells (Cf cells). As it can be observed, in comparison to the
adult testis, cultivated cells expressed vasa, sox2 and gfra1 genes, but not the meiotic marker dmc1. 18Sr mRNA is used as internal control for RT-PCR ampliﬁcation, whereas
the H2O lane represents a negative control containing no cDNA template. (C and D) At 30 days of culture, immunoﬂuorescence labeling shows that the cells present in the
colony (C) expressed the Aund spermatogonia marker Gfra1 (D, in green) and that their nuclei are stained with propidium iodite (PI; in red). (E and F) Flow cytometry analysis
of DNA content of the adult (E) and 30 days-cultured (F) testicular cells. In addition to diploid and tetraploid peaks (F; 2c and 4c), adult testicular cells histogram show a
prominent haploid peak (E; c). After 30 days in culture, tilapia spermatogonial cells apparently maintain their identity (ploidy) as well as their proliferation pattern, showing
diploid (F; 2c) and tetraploid peaks (F; 4c). The S-phase of the cell cycle (S) is observed in both histograms. Bar: 60 lm.
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Fish SSCs are only retrospectively identiﬁed by their activity to
colonize recipient seminiferous tubules after germ cell transplan-
tation. We previously established in our laboratory all the neces-
sary techniques for spermatogonial transplantation in the adult
Nile tilapia and demonstrated that transplanted SSCs were able
to colonize, proliferate and produce functional sperm in the recipi-
ent tilapia testes (Lacerda et al., 2010). Taking advantage of this
system, we examined whether Gfra1-positive cultured spermato-
gonia maintained their ability to colonize the recipient tilapia go-
nads. Thus, these cells were maintained under optimized
conditions for at least 1 month, labeled with the PKH26 ﬂuorescent
dye (Fig. 5A–C) in order to trace them in the recipients and subse-
quently transplanted into de testis of adult busulfan-treated recipi-
ent ﬁsh (Fig. 5D). Three (Fig. 5E and G) to four weeks (Fig. 5I and K)
after transplantation, evaluation of the testes in toto revealed thatFig. 5. Isolation and transplantation of 30 days-cultured Aund spermatogonia in the adult
was labeled with PKH26 ﬂuorescent dye (B; in red) that, as shown in the histogram (C), re
blue depicting the negative control (non-labeled cells). (D) Schematic drawing illustrating
into the testis of busulfan-treated adult Nile tilapia. (E, G, I, K) Merged brightﬁeld an
transplantation, where Aund cultured spermatogonia were able to colonize the recipient
of cells (arrow) in the recipient seminiferous tubules of transplanted tilapia. (F, H, J, L) M
ﬂuorescent cells were present in the seminiferous tubules of non-transplanted testes. BPKH26-positive cultured SSCs were incorporated into the recipi-
ents gonads. Therefore, many clusters/colonies of ﬂuorescent-posi-
tive cells were observed in the seminiferous tubules of all
transplanted tilapias (Fig. 5E, G, I, K), but not in the gonads of
non-transplanted ones (Fig. 5F, H, J, L). We also observed that the
quantity of donor cells present in the ﬂuorescent clusters/colonies
increased from three to four weeks post-transplantation, indicating
therefore the functional viability of the transplanted SSCs to sur-
vive, colonize and proliferate in the recipient testes.
4. Discussion
The lack of SSC molecular markers and the small number of
SSCs in the testis have been a great hurdle to identify or purify SSCs
in ﬁsh. Therefore, to date the SSCs biology in this group of verte-
brate is poorly known and the promising applications of SSCs in
several valuable biotechnologies involving ﬁsh production areNile tilapia recipient testis. The isolated spermatogonial cells (A) plasma membrane
presented almost 92% of the cells (shown in green line) in comparison to the peak in
the transplantation procedure by which cultured Aund spermatogonia were injected
d ﬂuorescent images of a recipient testis 3 weeks (E–G) and 4 weeks (I–K) post-
gonad, as demonstrated by the presence of several PKH26-positive clusters/colonies
erged brightﬁeld and ﬂuorescent images of non-transplanted Nile tilapia testis. No
ar: 60 lm in A and B; and 100 lm in E–L.
Fig. 6. Illustration of Gfra1 and Nanos2 protein expression in the different types of spermatogonial cells in the Nile tilapia testis. As it can be noticed, the expression of Gfra1
(in red) is restricted to single Aund spermatogonia (Aund1 and Aund2) that contain the spermatogonial stem cell population, which supposedly present the capacity of self-
renewing (curved arrow) or differentiation (straight arrow). Although Nanos2 (in green) is observed in both single Aund spermatogonia, its expression is also found in type A
differentiated spermatogonia (Adiff) that form clones/cysts of 2–8 germ cells. Nanos2 expression is no longer observed after the type Adiff divide to give rise to type B
spermatogonia (Bearly). However, it is not yet known whether the Nile tilapia Adiff spermatogonia (2 to 8-cell clones) possess the ability to dedifferentiate (?; long arrows) and
become single cells with stemness capacity.
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ment of reliable markers for single type A undifferentiated sperma-
togonia in the Nile tilapia, the Gfra1 receptor, as well as another
useful marker for early spermatogonia, the protein Nanos2. Our
data also demonstrate the development of effective culture condi-
tions for the propagation of the Nile tilapia Aund spermatogonia for
at least 1 month. The spermatogonial identity in culture was char-
acterized by several evidences that included the Aund spermatogo-
nial phenotype, expression of germ cell markers and, more
convincingly, the ability of these cells to colonize the recipient tes-
tis when transplanted into the adult Nile tilapia.
The GFRA1 membrane receptor is considered one of the most
useful markers of Aund cells in mammals (Hofmann et al., 2005)
and its expression on these germ cells was already described in
mice (Baloh et al., 2000; Dettin et al., 2003; Hofmann et al.,
2005; Jing et al., 1996; Von Schönfeldt et al., 2004), rats (Gassei
et al., 2009), hamster (Sato et al., 2011), pigs (Kuijk et al., 2009),
domestic cats (Powell et al., 2012; Silva et al., 2012), peccaries
(Campos-Junior et al., 2012), equids (Costa et al., 2012), rhesus
monkeys (Gassei et al., 2010; Hermann et al., 2010) and humans
(Gassei et al., 2010, He et al., 2012). Different from ﬁsh, in which
Aund spermatogonia are characterized as single cells surrounded
by Sertoli cells (Leal et al., 2009; Nóbrega et al., 2010; Schulz
et al., 2010), in most investigated mammalian species Aund sperma-
togonia correspond to a group of cells comprising A single (As), A
paired (Apr) and A aligned (Aal) spermatogonia, the latter usually
being clones of 4, 8, or 16 cells (De Rooij and Russell, 2000).
Although in mammals GFRA1 expression is observed in all Aund
spermatogonial types, its expression gradually decreases in mice
as spermatogonial clones become larger (Nakagawa et al., 2010;
Suzuki et al., 2009). In the present investigation, even using histo-
logical serial sections, we could not observe cysts of 2 or more
spermatogonial cells immunolabeled for Gfra1, but rather single
cells (Aund) were found to express Gfra1 exclusively in the testis
of adult Nile tilapia, contrasting therefore with the expression pat-
tern observed in mammals. Also, single Aund spermatogonia do not
uniformly express Gfra1 in the Nile tilapia testis. We still do not
know the functional signiﬁcance of this ﬁnding. However, Gfra1-
negative Aund spermatogonia are less abundant, accounting for
only about 4% of the total number of Aund spermatogonia. In ro-
dents, morphometric analysis demonstrated that about 10% of As
spermatogonia did not express GFRA1 but were able to formcolonies after germ cell transplantation assays (Grisanti et al.,
2009). So, it remains controversial as to whether the heterogeneous
expression of markers in spermatogonia in fact reﬂects different
temporal stage (e.g. phases of cell cycle) within a functionally
homogenous cellular population and not functionally distinct pop-
ulations (Izadyar et al., 2002; Lok et al., 1982; Schulz et al., 2010).
It is currently widely accepted that As spermatogonia represents
the actual SSC population in mammalian testes (Yoshida et al.,
2007; Oatley et al., 2011). Considering this aspect, we could spec-
ulate that Gfra1-positive spermatogonia, or at least a large fraction
of this population, represent the SSCs in the adult Nile tilapia testis.
While the expression of other candidate molecules has been re-
ported in ﬁsh, including Ly75 (Nagasawa et al., 2010, 2012), Notch1
(Yano et al., 2009), Plzf (Ozaki et al., 2011), Pou5f1 (Sanchez-San-
chez et al., 2010) and SGSA-1 (Kobayashi et al., 1998), to our
knowledge Gfra1 represents the ﬁrst described molecular marker
to distinguish Aund cell from other progenitor spermatogonia in
the teleost testis. Therefore, since Gfra1 receptor is a selective sur-
face marker it might be feasible to employ it as molecular target in
immunomagnetic or immunoﬂuorescent based cell sorting in order
to isolate or obtain enriched Aund spermatogonia population in Nile
tilapia or other ﬁsh species.
Nanos2 is a key stem cell regulator that is expressed in self-
renewing SSCs and maintains the stem cell state during murine
spermatogenesis (Sada et al., 2009; Suzuki et al., 2009). The
GDNF/GFRA1 signaling pathway is one of the candidates to induce
or maintain Nanos2 expression in the mouse testis (Sada et al.,
2012). In ﬁsh, Nanos2 protein has been previously demonstrated
in zebraﬁsh PGCs at early stages of sex differentiation (Beer and
Draper, 2012) and in medaka (Oryzias latipes) spermatogonia and
oogonia (Aoki et al., 2009). Similar to the pattern observed in ro-
dents in which As to Aal undifferentiated spermatogonia are Na-
nos2-positive (Sada et al., 2009, 2012; Barrios et al., 2010; Suzuki
et al., 2009), in the testis of the adult Nile tilapia Nanos2 was found
to be expressed in both type Aund and Adiff spermatogonia up to the
8-cell clone. Using double immunostaining, a previous study
showed that in mouse about two-thirds of Nanos2-positive As to
Aal cells co-expressed GFRA1. However, all of the GFRA1-positive
cells were also Nanos2-positive (Suzuki et al., 2009). Although
we did not perform this kind of analysis in the present investiga-
tion, based on the high percentage of Gfra1-positive (96%) and
Nanos2-positive (94%) single Aund observed here, we could
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of the Gfra1-positive spermatogonia were also Nanos2-positive.
Interestingly, since we detected Gfra1 expression only in single
Aund cells and Nanos2 expression in Aund and Adiff cells, the per-
centage of spermatogonia co-expressing these markers in the Nile
tilapia testis was probably lower than that observed in mice. How-
ever, as shown in the Gfra1-knockout mice testis (Sada et al., 2012),
we could speculate that in the Nile tilapia Nanos2 could also re-
press differentiation of both Gfra1-positive cells and cells that have
lost Gfra1 expression (Adiff 2 to 8-cell clones) during initial sper-
matogonial divisions (see below in Fig. 6).
Recently, it was demonstrated that undifferentiated murine
spermatogonia, from As to Aal8 (8-cell clones), maintain their stem-
ness status, being able to differentiate into subsequent spermato-
gonial cells (A1) or becoming a new As by fragmentation of the
spermatogonial clone (Nakagawa et al., 2010). Considering that
in the murine spermatogenic stem cell compartment Apr to Aal8
show reversibility and potential stemness capacity, it would be
of great value to investigate if in Nile tilapia Adiff spermatogonia
(2 to 8-cell clones), Nanos2-positive cells show such a reversibility
as well, or if they are deﬁnitely committed to differentiation. Based
on the results found here, Fig. 6 summarizes the expression pattern
of the two proteins evaluated in the Nile tilapia spermatogonial
cells.
In the present study we also developed functional in vitro cul-
ture conditions for supporting the survival, mitotic activity and
self-renew of tilapia Aund spermatogonia. So far, the basic tech-
niques for the long-term in vitro culture of spermatogonia have
been established only for zebraﬁsh (Kawasaki et al., 2012), rainbow
trout (Shikina et al., 2008; Shikina and Yoshizaki, 2010) and meda-
ka (Hong et al., 2004). Indicating the maintenance of the undiffer-
entiated status of the spermatogonial cells, we observed that after
26 days of culture and under high conﬂuence the Nile tilapia sper-
matogonia formed large colonies of Gfra1-positive cells. In
contrast, at full conﬂuence without subculture, medaka spermato-
gonial cells underwent meiosis and spermiogenesis, generating
motile sperm in vitro (Hong et al., 2004). Similar to zebraﬁsh and
mammalian spermatogonial culture systems (Aponte et al., 2008;
Kala et al., 2012; Kawasaki et al., 2012; Mirzapour et al., 2012;
van der Wee et al., 2001), some testicular somatic cells derived
from dissociated testicular cells could be observed in our culture
system, acting as a feeder layer for tilapia Aund spermatogonia.
Although we have observed Gfra1 receptor expression in cultured
spermatogonia in different time periods, the recombinant mam-
malian growth factor GDNF was not used as a supplement in our
culture medium. Shikina and Yoshizaki (2010) have previously re-
ported no effect of rat GDNF or rat GFRA1-Fc fusion protein on the
proliferation of rainbow trout type A spermatogonia, whereas re-
combinant human GDNF was shown to enhance zebraﬁsh sperma-
togonia proliferation in vitro. However, in comparison to mouse
SSC cultures, a 5- to 10-fold higher concentration of this growth
factor was used for zebraﬁsh cells (Kawasaki et al., 2012). Surely,
this important aspect deserves a better investigation in our culture
system in future studies.
It is widely accepted that only SSCs are able to colonize the
available niches and re-establish spermatogenesis in the recipient
testis. Therefore, germ cell transplantation provides a functional
approach to study the stem cell niche in the testis and to unequiv-
ocally detect SSCs (Nagano et al., 2013; Tang et al., 2012). Using
germ cell transplantation assay, we demonstrated that the Nile
tilapia Aund spermatogonia, maintained for at least 1 month in cul-
ture, were able to colonize busulfan-depleted seminiferous tubules
of recipient ﬁsh. While further studies are still necessary to
determine whether normal sperm and offspring can be obtained
from cultured cells, the wide spread of PHK26-positive colonies/
clusters observed 3–4 weeks after transplantation functionallydemonstrate the regenerative capacity of cultured Aund spermato-
gonia, which also suggest their stemness potencial.
Based on our ﬁndings, it is reasonable to assume that important
aspects related to SSCs physiology are phylogenetically conserved
among vertebrates, or at least in teleosts and mammals. However,
further investigations are still required to determine if any differ-
ences from patterns already known in mammals do exist, which
would allow discovering potentially novel (ﬁsh speciﬁc?) signaling
pathways. Despite that, besides providing a better knowledge of
ﬁsh SSCs biology, the ﬁndings reported here represent crucial steps
for the progress toward the development of new biotechnologies in
ﬁsh production. Therefore, we expect that these results will be
valuable tools furthering the development of better methods for
in vitro SSCs expansion, which represent an important prerequisite
for SSC-based genetic manipulations in ﬁsh.
Acknowledgments
Technical help from Mara Lívia Santos and ﬁnancial support
from FAPEMIG and CNPq are fully appreciated.
Appendix A. Supplementary data
Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.ygcen.
2013.06.013.
References
Aoki, Y., Nakamura, S., Ishikawa, Y., Tanaka, M., 2009. Expression and syntenic
analyses of four nanos genes in medaka. Zool. Sci. 26, 112–118.
Aponte, P.M., Soda, T., Teerds, K.J., Mizrak, S.C., van de Kant, H.J., de Rooij, D.G., 2008.
Propagation of bovine spermatogonial stem cells in vitro. Reproduction 136,
543–557.
Baloh, R.H., Enomoto, H., Johnson Jr., E.M., Milbrandt, J., 2000. The GDNF family
ligands and receptors – implications for neural development. Curr. Opin.
Neurobiol. 10, 103–110.
Barrios, F., Filipponi, D., Pellegrini, M., Paronetto, M.P., Di Siena, S., Geremia, R.,
Rossi, P., De Felici, M., Jannini, E.A., Dolci, S., 2010. Opposing effects of retinoic
acid and FGF9 on Nanos2 expression and meiotic entry of mouse germ cells. J.
Cell Sci. 123, 871–880.
Beer, R.L., Draper, B.W., 2012. Nanos3 maintains germline stem cells and expression
of the conserved germline stem cell gene nanos2 in the zebraﬁsh ovary. Dev.
Biol. 374, 308–318.
Buageaw, A., Sukhwani, M., Ben-Yehudah, A., Ehmcke, J., Rawe, V.Y., Pholpramool,
C., Orwig, K.E., Schlatt, S., 2005. GDNF family receptor alpha1 phenotype of
spermatogonial stem cells in immature mouse testes. Biol. Reprod. 73, 1011–
1016.
Campos-Junior, P.H., Costa, G.M., Lacerda, S.M., Rezende-Neto, J.V., de Paula, A.M.,
Hofmann, M.C., de França, L.R., 2012. The spermatogonial stem cell niche in the
collared peccary (Tayassu tajacu). Biol. Reprod. 86, 1–10.
Cnaani, A., Lee, B.Y., Ozouf-Costaz, C., Bonillo, C., Baroiller, J.F., D’Cotta, H., Kocher, T.,
2007. Mapping of sox2 and sox14 in tilapia (Oreochromis spp.). Sex Dev. 1, 207–
210.
Conrad, S., Renninger, M., Hennenlotter, J., Wiesner, T., Just, L., Bonin, M., Aicher, W.,
Bühring, H.J., Mattheus, U., Mack, A., Wagner, H.J., Minger, S., Matzkies, M.,
Reppel, M., Hescheler, J., Sievert, K.D., Stenzl, A., Skutella, T., 2008. Generation of
pluripotent stem cells from adult human testis. Nature 456, 344–349.
Costa, G.M., Avelar, G.F., Rezende-Neto, J.V., Campos-Junior, P.H., Lacerda, S.M.,
Andrade, B.S., Thomé, R.G., Hofmann, M.C., Franca, L.R., 2012. Spermatogonial
stem cell markers and niche in equids. PLoS One 7, e44091.
de Rooij, D.G., Russell, L.D., 2000. All you wanted to know about spermatogonia but
were afraid to ask. J. Androl. 21, 776–798.
Dettin, L., Ravindranath, N., Hofmann, M.C., Dym, M., 2003. Morphological
characterization of the spermatogonial subtypes in the neonatal mouse testis.
Biol. Reprod. 69, 1565–1571.
Draper, B.W., McCallum, C.M., Moens, C.B., 2007. Nanos1 is required to maintain
oocyte production in adult zebraﬁsh. Dev. Biol. 305, 589–598.
Froschauer, A., Khatun, M.M., Sprott, D., Franz, A., Rieger, C., Pfennig, F., Gutzeit,
H.O., 2013. Oct4-EGFP reporter gene expression marks the stem cells in
embryonic development and in adult gonads of transgenic medaka. Mol.
Reprod. Dev. 80, 48–58.
Fujimura, K., Conte, M.A., Kocher, T.D., 2011. Circular DNA intermediate in the
duplication of Nile tilapia vasa genes. PLoS One 6, e29477.
Gassei, K., Ehmcke, J., Schlatt, S., 2009. Efﬁcient enrichment of undifferentiated
GFRalpha1+ spermatogonia from immature rat testis by magnetic activated cell
sorting. Cell Tissue Res. 337, 177–183.
S.M. Santos Nassif Lacerda et al. / General and Comparative Endocrinology 192 (2013) 95–106 105Gassei, K., Ehmcke, J., Dhir, R., Schlatt, S., 2010. Magnetic activated cell sorting
allows isolation of spermatogonia from adult primate testes and reveals distinct
GFRa1-positive subpopulations in men. J. Med. Primatol. 39, 83–91.
Grisanti, L., Falciatori, I., Grasso, M., Dovere, L., Fera, S., Muciaccia, B., Fuso, A., Berno,
V., Boitani, C., Stefanini, M., Vicini, E., 2009. Identiﬁcation of spermatogonial
stem cell subsets by morphological analysis and prospective isolation. Stem
Cells 27, 3043–3052.
Gustafson, E.A., Wessel, G.M., 2010. Vasa genes: emerging roles in the germ line and
in multipotent cells. Bioessays 32, 626–637.
Hayashi, M., Sato, M., Iwasaki, Y., Terasawa, M., Tashiro, M., Yokoyama, S.,
Katayama, N., Sadaie, S., Miwa, M., Yoshizaki, G., 2012. Combining next-
generation sequencing with microarray for transcriptome analysis in rainbow
trout gonads. Mol. Reprod. Dev. 79, 870–878.
He, Z., Kokkinaki, M., Jiang, J., Dobrinski, I., Dym, M., 2010. Isolation,
characterization, and culture of human spermatogonia. Biol. Reprod. 82, 363–
372.
He, Z., Kokkinaki, M., Jiang, J., Zeng, W., Dobrinski, I., Dym, M., 2012. Isolation of
human male germ-line stem cells using enzymatic digestion and magnetic-
activated cell sorting. Methods Mol. Biol. 825, 45–57.
Hermann, B.P., Sukhwani, M., Hansel, M.C., Orwig, K.E., 2010. Spermatogonial stem
cells in higher primates: are there differences from those in rodents?
Reproduction 139, 479–493.
Hofmann, M.C., 2008. Gdnf signaling pathways within the mammalian
spermatogonial stem cell niche. Mol. Cell Endocrinol. 288, 95–103.
Hofmann, M.C., Braydich-Stolle, L., Dym, M., 2005. Isolation of male germ-line stem
cells; inﬂuence of GDNF. Dev. Biol. 279, 114–124.
Honaramooz, A., Yang, Y., 2010. Recent advances in application of male germ cell
transplantation in farm animals. Vet. Med. Int. Pii 657860.
Hong, Y., Liu, T., Zhao, H., Xu, H., Wang, W., Liu, R., Chen, T., Deng, J., Gui, J., 2004.
Establishment of a normal medaka ﬁsh spermatogonial cell line capable of
sperm production in vitro. Proc. Natl. Acad. Sci. USA 101, 8011–8016.
Hong, Y., Winkler, C., Schartl, M., 1996. Pluripotency and differentiation of
embryonic stem cell lines from the medaka ﬁsh (Oryzias latipes). Mech. Dev.
60, 33–44.
Hong, Y., Schartl, M., 1996. Isolation and differentiation of medaka embryonic stem
cells. In: Turksen, K. (Ed.), Embryonic Stem Cell Protocols. Methods in Molecular
Biology. Humana Press Inc, New Jersey, pp. 5–16.
Izadyar, F., Spierenberg, G.T., Creemers, L.B., den Ouden, K., de Rooij, D.G., 2002.
Isolation and puriﬁcation of type A spermatogonia from the bovine testis.
Reproduction 124, 85–94.
Jaruzelska, J., Kotecki, M., Kusz, K., Spik, A., Firpo, M., Reijo Pera, R.A., 2003.
Conservation of a Pumilio-Nanos complex from Drosophila germ plasm to
human germ cells. Dev. Genes Evol. 213, 120–126.
Jijiwa, M., Kawai, K., Fukihara, J., Nakamura, A., Hasegawa, M., Suzuki, C., Sato, T.,
Enomoto, A., Asai, N., Murakumo, Y., Takahashi, M., 2008. GDNF-mediated
signaling via RET tyrosine 1062 is essential for maintenance of spermatogonial
stem cells. Genes Cells 13, 365–374.
Jing, S., Wen, D., Yu, Y., Holst, P.L., Luo, Y., Fang, M., Tamir, R., Antonio, L., Hu, Z.,
Cupples, R., Louis, J.C., Hu, S., Altrock, B.W., Fox, G.M., 1996. GDNF-induced
activation of the ret protein tyrosine kinase is mediated by GDNFR-alpha, a
novel receptor for GDNF. Cell 85, 1113–1124.
Kajiura-Kobayashi, H., Kobayashi, T., Nagahama, Y., 2005. Cloning of cDNAs and the
differential expression of A-type cyclins and Dmc1 during spermatogenesis in
the Japanese eel, a teleost ﬁsh. Dev. Dyn. 232, 1115–1123.
Kala, S., Kaushik, R., Singh, K.P., Kadam, P.H., Singh, M.K., Manik, R.S., Singla, S.K.,
Palta, P., Chauhan, M.S., 2012. In vitro culture and morphological
characterization of prepubertal buffalo (Bubalus bubalis) putative
spermatogonial stem cell. J. Assist. Reprod. Genet. 29, 1335–1342.
Kawasaki, T., Saito, K., Sakai, C., Shinya, M., Sakai, N., 2012. Production of zebraﬁsh
offspring from cultured spermatogonial stem cells. Genes Cells 17, 316–325.
Kobayashi, T., Kajiura-Kobayashi, H., Nagahama, Y., 1998. A novel stage-speciﬁc
antigen is expressed only in early stages of spermatogonia in Japanese eel,
Anguilla japonica testis. Mol. Reprod. Dev. 51, 355–361.
Kobayashi, T., Kajiura-Kobayashi, H., Nagahama, Y., 2002. Two isoforms of vasa
homologs in a teleost ﬁsh: their differential expression during germ cell
differentiation. Mech. Dev. 111, 167–171.
Kolasa, A., Misiakiewicz, K., Marchlewicz, M., Wiszniewska, B., 2012. The generation
of spermatogonial stem cells and spermatogonia in mammals. Reprod. Biol. 12,
5–23.
Kuijk, E.W., Colenbrander, B., Roelen, B.A., 2009. The effects of growth factors on
in vitro-cultured porcine testicular cells. Reproduction 138, 721–731.
Lacerda, S.M., Aponte, P.M., Costa, G.M., Campos-Junior, P.H., Segatelli, T.M., Silva,
M.A., França, L.R., 2012. An overview of spermatogonial stem cell physiology,
niche and transplantation in ﬁsh. Anim. Reprod. 9, 798–808.
Lacerda, S.M., Batlouni, S.R., Costa, G.M., Segatelli, T.M., Quirino, B.R., Queiroz, B.M.,
Kalapothakis, E., França, L.R., 2010. A new and fast technique to generate
offspring after germ cells transplantation in adult ﬁsh: the Nile tilapia
(Oreochromis niloticus) model. PLoS One 5, e10740.
Lacerda, S.M., Batlouni, S.R., Silva, S.B., Homem, C.S., França, L.R., 2006. Germ cells
transplantation in ﬁsh: the Nile-tilapia model. Anim. Reprod. 3, 146–159.
Lacerda, S.M., Costa, G.M., Campos-Junior, P.H., Segatelli, T.M., Yazawa, R., Takeuchi,
Y., Morita, T., Yoshizaki, G., França, L.R., 2013. Germ cell transplantation as a
potential biotechnological approach to ﬁsh reproduction. Fish Physiol. Biochem.
39, 3–11.
Leal, M.C., Cardoso, E.R., Nóbrega, R.H., Batlouni, S.R., Bogerd, J., França, L.R., Schulz,
R.W., 2009. Histological and stereological evaluation of zebraﬁsh (Danio rerio)spermatogenesis with an emphasis on spermatogonial generations. Biol.
Reprod. 81, 177–187.
Lok, D., Weenk, D., De Rooij, D.G., 1982. Morphology, proliferation, and
differentiation of undifferentiated spermatogonia in the Chinese hamster and
the ram. Anat. Rec. 203, 83–99.
Mirzapour, T., Movahedin, M., Tengku Ibrahim, T.A., Koruji, M., Haron, A.W.,
Nowroozi, M.R., Raﬁeian, S.H., 2012. Effects of basic ﬁbroblast growth factor and
leukaemia inhibitory factor on proliferation and short-term culture of human
spermatogonial stem cells. Andrologia 44, 41–55.
Mochizuki, K., Sano, H., Kobayashi, S., Nishimiya-Fujisawa, C., Fujisawa, T., 2000.
Expression and evolutionary conservation of nanos-related genes in Hydra. Dev.
Genes Evol. 210, 591–602.
Nagano, M.C., Yeh, J.R., 2013. The identity and fate decision control of
spermatogonial stem cells: where is the point of no return? Curr. Top. Dev.
Biol. 102, 61–95.
Nagasawa, K., Miwa, M., Yazawa, R., Morita, T., Takeuchi, Y., Yoshizaki, G., 2012.
Characterization of lymphocyte antigen 75 (Ly75/CD205) as a potential cell-
surface marker on spermatogonia in Paciﬁc blueﬁn tuna Thunnus orientalis. Fish
Sci. 78, 791–800.
Nagasawa, K., Shikina, S., Takeuchi, Y., Yoshizaki, G., 2010. Lymphocyte antigen 75
(Ly75/CD205) is a surface marker on mitotic germ cells in rainbow trout. Biol.
Reprod. 83, 597–606.
Nakagawa, T., Sharma, M., Nabeshima, Y., Braun, R.E., Yoshida, S., 2010. Functional
hierarchy and reversibility within the murine spermatogenic stem cell
compartment. Science 328, 62–67.
Naughton, C.K., Jain, S., Strickland, A.M., Gupta, A., Milbrandt, J., 2006. Glial cell-line
derived neurotrophic factor-mediated RET signaling regulates spermatogonial
stem cell fate. Biol. Reprod. 74, 314–321.
Nóbrega, R.H., Greebe, C.D., van de Kant, H., Bogerd, J., de França, L.R., Schulz, R.W.,
2010. Spermatogonial stem cell niche and spermatogonial stem cell
transplantation in zebraﬁsh. PLoS One 5, e12808.
Oatley, J.M., Brinster, R.L., 2012. The germline stem cell niche unit in mammalian
testes. Physiol. Rev. 92, 577–595.
Oatley, M.J., Kaucher, A.V., Racicot, K.E., Oatley, J.M., 2011. Inhibitor of DNA binding
4 is expressed selectively by single spermatogonia in the male germline and
regulates the self-renewal of spermatogonial stem cells in mice. Biol. Reprod.
85, 347–356.
Okutsu, T., Suzuki, K., Takeuchi, Y., Takeuchi, T., Yoshizaki, G., 2006. Testicular germ
cells can colonize sexually undifferentiated embryonic gonad and produce
functional eggs in ﬁsh. Proc. Natl. Acad. Sci. USA 103, 2725–2729.
Onichtchouk, D., 2012. Pou5f1/oct4 in pluripotency control: insights from zebraﬁsh.
Genesis 50, 75–85.
Ozaki, Y., Saito, K., Shinya, M., Kawasaki, T., Sakai, N., 2011. Evaluation of Sycp3, Plzf
and Cyclin B3 expression and suitability as spermatogonia and spermatocyte
markers in zebraﬁsh. Gene Expr. Patterns 11, 309–315.
Pfennig, F., Kurth, T., Meissner, S., Standke, A., Hoppe, M., Zieschang, F., Reitmayer,
C., Göbel, A., Kretzschmar, G., Gutzeit, H.O., 2012. The social status of the male
Nile tilapia (Oreochromis niloticus) inﬂuences testis structure and gene
expression. Reproduction 143, 71–84.
Phillips, B.T., Gassei, K., Orwig, K.E., 2010. Spermatogonial stem cell regulation and
spermatogenesis. Philos. Trans. R. Soc. Lond. B Biol. Sci. 365, 1663–1678.
Powell, R.H., Biancardi, M.N., Galiguis, J., Qin, Q., Pope, C.E., Leibo, S.P., Wang, G.,
Gómez, M.C., 2012. 286 expression of pluripotent stem cell markers in domestic
cat spermatogonial cells. Reprod. Fertil. Dev. 25, 290–291.
Sada, A., Hasegawa, K., Pin, P.H., Saga, Y., 2012. NANOS2 acts downstream of glial
cell line-derived neurotrophic factor signaling to suppress differentiation of
spermatogonial stem cells. Stem Cells 30, 280–291.
Sada, A., Suzuki, A., Suzuki, H., Saga, Y., 2009. The RNA-binding protein NANOS2 is
required to maintain murine spermatogonial stem cells. Science 325, 1394–
1398.
Sánchez-Sánchez, A.V., Camp, E., García-España, A., Leal-Tassias, A., Mullor, J.L.,
2010. Medaka Oct4 is expressed during early embryo development, and in
primordial germ cells and adult gonads. Dev. Dyn. 239, 672–679.
Sato, T., Aiyama, Y., Ishii-Inagaki, M., Hara, K., Tsunekawa, N., Harikae, K., Uemura-
Kamata, M., Shinomura, M., Zhu, X.B., Maeda, S., Kuwahara-Otani, S., Kudo, A.,
Kawakami, H., Kanai-Azuma, M., Fujiwara, M., Miyamae, Y., Yoshida, S., Seki, M.,
Kurohmaru, M., Kanai, Y., 2011. Cyclical and patch-like GDNF distribution along
the basal surface of Sertoli cells in mouse and hamster testes. PLoS One 6,
e28367.
Schulz, R.W., de França, L.R., Lareyre, J.J., Le Gac, F., Chiarini-Garcia, H., Nobrega, R.H.,
Miura, T., 2010. Spermatogenesis in ﬁsh. Gen. Comp. Endocrinol. 165, 390–411.
Shikina, S., Yoshizaki, G., 2010. Improved in vitro culture conditions to enhance the
survival, mitotic activity, and transplantability of rainbow trout type a
spermatogonia. Biol. Reprod. 83, 268–276.
Shikina, S., Ihara, S., Yoshizaki, G., 2008. Culture conditions for maintaining the
survival and mitotic activity of rainbow trout transplantable type A
spermatogonia. Mol. Reprod. Dev. 75, 529–537.
Silva, R.C., Costa, G.M., Lacerda, S.M., Batlouni, S.R., Soares, J.M., Avelar, G.F., Böttger,
K.B., Silva Jr., S.F., Nogueira, M.S., Andrade, L.M., França, L.R., 2012. Germ cell
transplantation in felids: a potential approach to preserving endangered
species. J. Androl. 33, 264–276.
Suzuki, H., Sada, A., Yoshida, S., Saga, Y., 2009. The heterogeneity of spermatogonia
is revealed by their topology and expression of marker proteins including the
germ cell-speciﬁc proteins Nanos2 and Nanos3. Dev. Biol. 336, 222–231.
Takehashi, M., Tada, M., Kanatsu-Shinohara, M., Morimoto, H., Kazuki, Y., Oshimura,
M., Tada, T., Shinohara, T., 2012. Hybridization of testis-derived stem cells with
106 S.M. Santos Nassif Lacerda et al. / General and Comparative Endocrinology 192 (2013) 95–106somatic cells and embryonic stem cells in mice. Biol. Reprod. 86, 178, 10.1095/
biolreprod.112.098988.
Takeuchi, Y., Yoshizaki, G., Takeuchi, T., 2004. Biotechnology: surrogate broodstock
produces salmonids. Nature 430, 629–630.
Tang, L., Rodriguez-Sosa, J.R., Dobrinski, I., 2012. Germ cell transplantation and
testis tissue xenografting in mice. J. Vis. Exp. 6 (60), pii: 3545. 10.3791/3545.
Thoma, E.C., Wagner, T.U., Weber, I.P., Herpin, A., Fischer, A., Schartl, M., 2011.
Ectopic expression of single transcription factors directs differentiation of a
medaka spermatogonial cell line. Stem Cells Dev. 20, 1425–1438.
Tokuda, M., Kadokawa, Y., Kurahashi, H., Marunouchi, T., 2007. CDH1 is a speciﬁc
marker for undifferentiated spermatogonia in mouse testes. Biol. Reprod. 76,
130–141.
van der Wee, K.S., Johnson, E.W., Dirami, G., Dym, T.M., Hofmann, M.C., 2001.
Immunomagnetic isolation and long-term culture of mouse type A
spermatogonia. J. Androl. 22, 696–704.
von Schonfeldt, V., Wistuba, J., Schlatt, S., 2004. Notch-1, c-kit and GFRalpha-1 are
developmentally regulated markers for premeiotic germ cells. Cytogenet.
Genome Res. 105, 235–239.Wang, D., Manali, D., Wang, T., Bhat, N., Hong, N., Li, Z., Wang, L., Yan, Y., Liu, R.,
Hong, Y., 2011. Identiﬁcation of pluripotency genes in the ﬁsh medaka. Int. J.
Biol. Sci. 7, 440–451.
Wang, Z., Lin, H., 2004. Nanos maintains germline stem cell self-renewal by
preventing differentiation. Science 303, 2016–2019.
Westerﬁeld, M., 1995. The Zebraﬁsh Book. A Guide for the Laboratory Use of
Zebraﬁsh (Danio rerio), third ed. Eugene, OR.
Yano, A., von Schalburg, K., Cooper, G., Koop, B.F., Yoshizaki, G., 2009. Identiﬁcation
of a molecular marker for type A spermatogonia by microarray analysis using
gonadal cells from pvasa-GFP transgenic rainbow trout (Oncorhynchus mykiss).
Mol. Reprod. Dev. 76, 246–254.
Yoshida, S., Sukeno, M., Nabeshima, Y., 2007. A vasculature-associated niche for
undifferentiated spermatogonia in the mouse testis. Science 317, 1722–1726.
Yoshizaki, G., Okutsu, T., Morita, T., Terasawa, M., Yazawa, R., Takeuchi, Y., 2012.
Biological characteristics of ﬁsh germ cells and their application to
developmental biotechnology. Reprod. Domest. Anim. 47, 187–192.
